The lateral geniculate nucleus relays visual information from the retina to cortex. One well-known anatomical consequence of monocular deprivation during early postnatal development is a shrinkage of neurons in the lamina of the lateral geniculate nucleus that receive input from the deprived eye. This is thought to reflect the competition of afferents subserving the two eyes, possibly at the level of the visual cortex. We frnd that blockade of N-methyl-D-aspartate receptors in kitten visual cortex disrupts this process of binocular competition. These data provide direct evidence that postsynaptic activation of cortical neurons is required for competitive changes in lateral geniculate cell size and suggest a role forN-methyl-D-aspartate receptors in anatomical as well as physiological plasticity in the mammalian visual system. Monocular deprivation (MD) In the present paper we address these important unanswered questions. We find that the local infusion of the NMDA receptor antagonist 2-amino-5-phosphonovaleric acid (AP5) into the striate cortex of monocularly deprived kittens creates a critical segment of LGN that is resistant to the effects of MD. Our results provide direct evidence that the shrinkage of LGN neurons after MD depends upon postsynaptic cortical activity and strengthen the hypothesis that the site of competition is the visual cortex. Further, this work provides additional support for the hypothesis that visual cortical NMDA-receptor activation plays a central role in the mechanisms, both anatomical and physiological, that subserve binocular competition.
Monocular deprivation (MD) of kittens during the second postnatal month leads to a striking change in the physiological organization of visual cortex such that few cortical neurons remain responsive to stimulation of the deprived eye (1, 2) . One correlate of this change in cortical physiology is a shrinkage of the neurons in the lateral geniculate nucleus (LGN) that relay information to visual cortex from the deprived retina (3) . Because the morphological changes in the LGN are most prominent in the binocular segment, it has been proposed that they reflect a process of binocular competition. The classic test of this hypothesis was performed by Guillery in 1972 (4) . By destroying part of the central retina of the nondeprived eye he created a region of the LGN that was free of the effects of binocular competition. In this "critical segment" MD caused far less shrinkage of LGN neurons. Evidently, the activity in the open eye promotes the shrinkage of cells subserving the closed eye. Left unanswered by this and subsequent work, however, was the site and mechanism of the competition leading to LGN cell size changes.
Cortical responses to afferent LGN activity are mediated by excitatory amino acid receptors, of which N-methyl-Daspartate (NMDA) receptors are a subclass. Recently, it has been shown that blockade of visual cortical NMDA receptors disrupts the ocular dominance modifications that normally occur after MD (5) (6) (7) . Left unanswered by this work, however, was the question of whether anatomical as well as physiological plasticity is affected by cortical NMDAreceptor blockade.
In the present paper we address these important unanswered questions. We find that the local infusion of the NMDA receptor antagonist 2-amino-5-phosphonovaleric acid (AP5) into the striate cortex of monocularly deprived kittens creates a critical segment of LGN that is resistant to the effects of MD. Our results provide direct evidence that the shrinkage of LGN neurons after MD depends upon postsynaptic cortical activity and strengthen the hypothesis that the site of competition is the visual cortex. Further, this work provides additional support for the hypothesis that visual cortical NMDA-receptor activation plays a central role in the mechanisms, both anatomical and physiological, that subserve binocular competition.
MATERIALS AND METHODS
Kittens were reared normally until =5 weeks of age (Table 1) at which time they were fitted bilaterally with osmotic minipumps (Alzet 2001) that were attached via polyethylene tubing to 30-gauge needles implanted directly into the visual cortex. These minipumps deliver their contents at a rate of 1 Al per hr for up to 10 days. In the experimental group the pumps contained 50 mM D,L-AP5; in an age-matched control group the pumps contained vehicle solution only (sterile Ringer's solution). At the same time as the pump implant, the animals were monocularly deprived by lid suture.
The extracellular concentration of AP5 declines exponentially with increasing distance from the infusion cannula; at 6 mm the steady-state concentration is estimated to be -'150 ,uM and is sufficient to block the ocular-dominance shift measured electrophysiologically (7) . To identify the geniculate segment that projects to this region of striate cortex, 0.2-0.3 ul of a 20-30% horseradish peroxidase (HRP) solution was injected into the striate cortex 6 mm anterior to the infusion site on the eighth day of the infusion ( Fig. la) In a 600-,um-wide column within the HRP-labeled LGN segment (Fig. lb , shaded region marked a), each Nisslstained neuron with a clearly recognizable nucleus and nucleolus was drawn at a final magnification of x660 with a camera lucida. The drawings were digitized to yield crosssectional areas. During the entire quantification process the Abbreviations: NMDA, N-methyl-D-aspartate; AP5, 2-amino-5-phosphonovaleric acid; LGN, lateral geniculate nucleus; MD, monocular deprivation; HRP, horseradish peroxidase. *To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. LGN ranged from 58 to 123). These means were then considered as independent observations in the statistical comparisons between experimental groups (Tables 1 and 2 ). RESULTS Neurons in lamina A of the LGN receive input from the contralateral retina; those in lamina Al receive input from the ipsilateral retina. It has been noted previously that in normal animals, cells in lamina Al are, on average, slightly larger than those in lamina A (10-12). Our measurements ofcell size in the two geniculates of a normal kitten confirm this to be the case; the ratio of Al to A cell size is l1.2 (Table 1) . Lamina A and Al cells also differ in their response to brief periods of MD. In the Ringer-treated animals, lamina Al neurons ipsilateral to the deprived eye were clearly shrunken and less darkly stained after 10 days of MD (Figs. 2 and 3) ; the Al/A cell size ratio was only 0.82 ± 0.01 (Table 1) , and the mean cross-sectional area of Al neurons was significantly smaller than that of A cells (P < 0.02, paired t test). It is worth noting that Al cells were significantly smaller than A cells in each case considered individually (case 1, P < 0.02; case 3, P < 0.01; case 5, P < 0.05; t test), confirming that our sample of cells was sufficient to detect changes across LGN lamina. On the other hand, after only 10 days of MD, shrinkage was far less obvious in lamina A contralateral to the deprived eye (Table 2) ; here the Al/A cell-size ratio (1.28 ± 0.06) was similar to that found in the normal geniculates. This finding was not completely unexpected because hemispheric differences in the effects of MD have been noted before (13, 14) . For this reason, the detailed analysis of AP5 effects was restricted to the hemispheres ipsilateral to the deprived eye.t
In contrast to the cases in which cortex was infused with Ringer's solution, neurons in the HRP-labeled segment of deprived lamina Al appeared unaffected by MD in cases where cortex was treated with AP5 ( Figs. 2 and 3 cross-sectional area of Al neurons ipsilateral to the deprived eye was actually larger than that of lamina A cells (P < 0.02, paired t test) and was very similar to the value for Al cells in the normal LGN (314 ± 17 Im2 in AP5-treated kittens as compared with 327 ± 22 ,um2 in the normal animal; see Table   1 ). Accordingly, the Al/A cell size ratios are significantly different for the AP5-and Ringer's solution-treated groups (1.17 ± 0.04 vs. 0.82 ± 0.01, respectively; P < 0.002, unpaired t test). Thus, the data clearly indicate that intracortical infusion of AP5 prevents the shrinkage of LGN neurons that normally results from 10 days of MD.
Microperfusion of AP5 does not block the NMDA receptors in all regions of visual cortex; rather, the effect is confined to the vicinity of the infusion site. This provided us with a useful internal control because the posterior segments of the LGN in the same sections already quantified had projections to a region of striate cortex that was =15 mm from the infusion site ( Fig. 1 a and b; region marked p) . Subsequent analysis of cell size showed that, in the AP5 group, Al neurons in the posterior LGN were significantly smaller than those in the anterior, HRP-labeled segment (P <0.05, paired t test). This regional difference was also reflected by the Al/A cell size ratio (0.84 ± 0.05 in the posterior segment vs. 1.17 ± 0.04 in the anterior segment; P <0.005, t test). These data are summarized in Fig. lc and lend strong supportto the interpretation that AP5 exerted its effects on cell size in the anterior LGN by blocking cortical NMDA receptors.
DISCUSSION
Important considerations for the interpretation of this study are that (i) clear morphological effects in the LGN require It has always been assumed that binocular competition in the control ofLGN cell size occurs at a site where inputs from the two eyes converge onto a common target. The visual cortex was considered the probable location, although interlaminar interactions within the LGN could not be excluded (4, 15 (17, 18) .
A debate continues to rage in the literature about whether the effects of AP5 on ocular dominance plasticity are due solely to the suppression of visually evoked postsynaptic activity in area 17 (5-7, 19, 20) . Although the present results do not directly bear upon this question, two points should be field maps of LGN and cortex (8, 9) . (c) Plotted is the ratio of lamina Al (deprived) to lamina A (nondeprived) cell size in the Ringer-and AP5-treated groups in both segments of the LGN that were quantified (@ and @ in b correspond to anterior and posterior LGN, respectively). The Al/A cell size ratio in the anterior LGN segment of the AP5 grqup differs significantly from both segments in the control group, as well as from the posterior segment in the AP5 group. Dashed line indicates the mean Al/A cell size ratio in the two LGN Ofi normal kitten (see Table 1 ). LGN cell-size measurements demonstrate that binocular competition is disrupted as far away as 6 mm from the site of AP5 infusion; here it appears that all agree that most cortical neurons are responsive to visual stimulation (5, 7, 20) . (ii) Geniculocottical afferents are thought to compete in cortical layers IV and VI, and here visual responses appear relatively more resistant to NMDA receptor blockade than in other layers (19) . In any case, the present results clearly support the view that cortical, responses generated in the absence of adequate NMDA receptor activation are not sufficient to support binocular competition in the control of LGN cell size.
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